The transverse momentum spectra of charged particles produced in proton(deuteron)-nucleus and nucleus-nucleus collisions at high energies are analyzed by the Hagedorn thermal model and the standard distribution in terms of multi-component. The experimental data measured in central and peripheral gold-gold (Au-Au) and deuteron-gold (d-Au) collisions by the PHENIX Collaboration at the Relativistic Heavy Ion Collider (RHIC), as well as in central and peripheral lead-lead (Pb-Pb) and proton-lead (p-Pb) collisions by the ALICE Collaboration at the Large Hadron Collider (LHC) are fitted by the two models. The initial, effective, and kinetic freeze-out temperatures are then extracted from the fitting to the transverse momentum spectra. It is shown that the initial temperature is larger than the effective temperature, and the effective temperature is larger than the kinetic freezeout temperature. The three types of temperatures in central collisions are comparable with those in peripheral collisions, and those at the LHC are comparable with those at the RHIC.
Introduction
The concept of temperature used in thermodynamics and statistical mechanics [1] is also used in subatomic physics due to similar thermal and statistical property. At least the initial, chemical freeze-out, thermal or kinetic freeze-out, and effective temperatures are used in high energy collisions. The initial temperature describes the excitation degree of interacting system at the initial stage of collisions. The chemical freeze-out temperature describes the excitation degree of interacting system at the stage of chemical freeze-out, where the ratios of different types of particles are no longer changed. The kinetic freeze-out temperature describes the excitation degree of interacting system at the stage of kinetic freeze-out, where the transverse momentum spectra are no longer changed. The effective temperature describes the sum of the excitation degree of interacting system and the effect of transverse flow at the stage of kinetic freeze-out, where the transverse flow resulted from the impact and squeeze reflects the hydrodynamic expansion of interacting systems.
The initial temperature has less studies in the community due to undefined method, though it should be based on the particle spectra. The chemical freezeout temperature can be obtained from the particle ratios [2, 3, 4, 5] . The kinetic freeze-out temperature can be obtained from the transverse momentum spectra, in the case of getting rid of the transverse flow effect and leaving only the contribution of random thermal motion [6, 7, 8, 9, 10] . If the temperature extracted from the transverse momentum spectra also contains the contribution of transverse flow, this type of temperature is not the kinetic freeze-out temperature, but the effective temperature called by us. The initial, chemical freeze-out, and kinetic freeze-out temperatures are "real" temperatures. The effective temperature is not a "real" temperature.
Generally, the initial stage of collisions happens earlier than the stages of chemical and kinetic freeze-outs. The initial temperature should be the largest among the three "real" temperatures. The initial stage of collisions is also possible to be simultaneous with the stage of chemical freeze-out. This also results possibly in the initial temperature to be equal to the chemical freeze-out temperature. Similarly, the stage of chemical freeze-out is simultaneous with or earlier than that of kinetic freeze-out. This results in the chemical freeze-out temperature to be equal to or larger than the kinetic freeze-out temperature. Because of two contributions, the effective temperature is often larger than the kinetic freeze-out temperature. In most cases, one has the initial temperature, chemical freeze-out temperature, effective temperature, and kinetic freeze-out temperature to reduce in turn.
Due to the definiteness of particle ratios at given condition such as at mid-rapidity in central collisions at given collision energy, the chemical freeze-out temperature can be measured correspondingly by the thermal and statistical model [2, 3, 4, 5] . Comparatively, the initial, effective, and kinetic freeze-out temperatures are model dependent due to the fact that different functions or distributions are used to fit the transverse momentum spectra [6, 7, 8, 9, 10] . At the same time, the limiting value of chemical freeze-out temperature at very high energy is knowable, and the limiting values of initial, effective, and kinetic freeze-out temperatures if available at high energy are difficult to predict due to their erratic trends.
It is unquestioned that the mentioned temperatures are related to study the phase diagram in the temperature related spaces, such as the temperatures as functions of transverse flow velocity, baryon chemical potential, collision centrality, system size, particle rapidity, and collision energy. To study systematically these temperature related functions are a huge project, in particular for the dependences of temperatures on collision energy. As a beginning of the project, the dependences of temperatures on collision centrality can be studied. Naturally, the studies of dependences of temperatures on these quantities are useful for us to understand the mechanisms of multi-particle production and system evolution. Although the initial (kinetic freezeout) temperature is model dependent in most cases, we hope to use a model independent method to obtain it. The effective temperature is definitely model dependent, we shall not pay much attention to it.
It should be noted that there are different methods [11] to extract the kinetic freeze-out temperature from the transverse momentum spectra in high energy collisions [10] . These methods include, but are not limited to, the blast-wave model with the Boltzmann statistics [6, 7, 8] , the blast-wave model with the Tsallis statistics [9, 12, 13] , an alternative method [7, 14, 15, 16, 17] which describes the transverse momentum spectra by using a Boltzmann distribution [18] and the intercept in the effective temperature versus particle mass is regarded as the kinetic freeze-out temperature, and the same alternative method but using a Tsallis distribution [18, 19] . Our recent work [11] shows that the four methods are harmonious in the dependences of kinetic freeze-out temperature on collision centrality and energy, though the absolute values are different in some cases.
In this paper, the transverse momentum spectra of positively and negatively charged pions (π + and π − ), positively and negatively charged kaons (K + and K − ), and protons (p) and antiprotons (p) produced in central and peripheral gold-gold (Au-Au) and deuterongold (d-Au) collisions at the Relativistic Heavy Ion Collider (RHIC) [20, 21] , as well as in central and peripheral lead-lead (Pb-Pb) and proton-lead (p-Pb) collisions at the Large Hadron Collider (LHC) [22, 23, 24] are fitted by the Hagedorn thermal model [25] and Boltzmann distribution [18] in terms of multi-component which is harmonious with a multisource thermal model used in our previous work [10] . The related temperatures which include the initial, effective, and kinetic freeze-out temperatures are then extracted from the fittings. In particular, the alternative method is used to extract the kinetic freeze-out temperature.
The remainder of this paper is structured as follows. The formalism and method are shortly described in Section 2. Results and discussion are given in Section 3. In Section 4, we summarize our main observations and conclusions.
Formalism and method
There are two main processes of multi-particle productions in high energy collisions, namely the soft excitation and hard scattering processes. For the two main processes, one can use different formalisms to describe the transverse momentum spectra of charged particles. Generally, in the descriptions, the soft excitation process has many choices of formalisms, and the hard scattering process has very limited choices of formalisms.
For the soft excitation process, the choices include, but are not limited to, the Hagedorn thermal model (the statistical-bootstrap model) [25] , the (multi-)standard distribution [18] , the Tsallis and related distributions with various formalisms [19] , the blast-wave model with Boltzmann statistics [6, 7, 8] , the blast-wave model with Tsallis statistics [9] , etc. To focus our attention on the effective temperature and then the initial and kinetic freeze-out temperatures according to the transverse momentum spectra, we use only the Hagedorn thermal model [25] and the standard distribution [18] in terms of multi-component as examples in the present work. The chemical freeze-out temperature needs systematically the particle ratios, which is beyond the focus of our attention and is not discussed in the present work.
According to ref. [25] , the Hagedorn thermal model results in the transverse momentum (p T ) distribution, in terms of the probability density function, at the midrapidity (the rapidity of the center-of-mass of interacting system in the center-of-mass system) to be
where N , C 1 , m 0 , n, K 1 , and T 1 denote the particle number, normalization constant, particle rest mass, item number in the summation, modified Bessel function of the second kind, and effective temperature, respectively, and S = +1 and −1 for fermions and bosons respectively. Generally, to obtain suitable p T distributions, n is taken to be 1-10 for pions, 1-5 for kaons, and 1 for nucleons and hyperons [25] . In Eq. (1), the chemical potential is not considered due to very small value and effect at RHIC and LHC energies. For particles distributed in a wide rapidity (y) range from the minimum rapidity y min to the maximum rapidity y max , and the mid-rapidity is in [y min , y max ], we have the p T distribution to be
where the normalization constant C 1 in Eq. (2) may be different from that in Eq. (1). Comparing with Eq. (1) which is the particular case of Eq. (2) with y = 0, Eq.
(2) is more suitable to the particles distributed in a wide rapidity range. In some cases, the mid-rapidity is not in [y min , y max ]. Then, we may transform the rapidity range by adding or subtracting a rapidity shift to cover the mid-rapidity, so that we can exclude the contribution of directional movement of the emission source.
In some cases, the Hagedorn thermal model is not enough to describe the spectra in low p T region contributed by the soft process. A two-, three-, or even multi-component Hagedorn thermal model is needed. We have the multi-component model to be
or
where l denotes the number of components, and k 1i , C 1i , and T 1i denote the contribution fraction, normalization constant, and effective temperature corresponding to the i-th component respectively. In particular, the normalization results in l i=1 k 1i = 1, and the effective temperature averaged by weighting different com-
The standard distribution is a joint name of the Boltzmann, Fermi-Dirac, and Bose-Einstein distributions which base on the Boltzmann, Fermi-Dirac, and Bose-Einstein statistics, respectively, which correspond to S = 0, +1, and −1, respectively [18] . At the midrapidity or in the rapidity range [y min , y max ] which covers the mid-rapidity, the standard distribution is
where C 2 and T 2 are the normalization constant and effective temperature respectively. If the rapidity range [y min , y max ] does not cover the mid-rapidity, we need to shift it to cover the mid-rapidity. In some cases, the standard distribution is not enough to describe the spectra in low p T region contributed by the soft process. A two-, three-, or even multi-component standard distribution is needed. We have the multi-component standard distribution to be
where k 2i , C 2i , and T 2i denote the contribution fraction, normalization constant, and effective temperature corresponding to the i-th component respectively. In particular, the normalization results in l i=1 k 2i = 1, and the effective temperature averaged by weighting different components is
It should be noted that the rapidity y used in Eqs. (4) and (8) are for particles, but not for fireballs. If we study rapidity spectra, we should use these fireballs at different rapidities y x . In the case of studying p T spectra, y x should be directly shifted to 0 so that the kinetic energy of directional movement of fireballs can be removed from temperature which is contributed by thermal motion, but not directional movement, of particles.
For a not too wide p T spectrum, the above equations such as Eqs. (3) or (4) and (7) or (8) can be used to describe the p T spectrum and to extract the effective temperature. For a wide p T spectrum, we have to consider the contribution of hard scattering process. In some cases, although the p T spectrum is wide, the contribution of hard scattering process in high-p T regions is negligible. We can only concern the contribution of soft excitation process in low-p T region. If the spectrum of high-p T region is non-negligible, we can use an inverse power-law, i.e. the Hagedorn function [25] 
to describe the contribution of hard scattering process, where p 0 and n are free parameters, and A is the normalization constant related to the free parameters. The inverse power-law is obtained from the quantum chromodynamics (QCD) calculus [26, 27, 28] and has three revisions [29, 30, 31, 32, 33, 34, 35] which will not be discussed further in the present work.
In the case of considering both the contributions of soft excitation and hard scattering processes, the experimental p T spectrum distributed in a wide range can be described by a superposition, i.e.
where k 0 denotes the contribution fraction of the soft excitation process and f S (p T ) denotes one of Eqs. (3) or (4) and (7) or (8) . According to Hagedorn's model [25] , we may also use the usual step function
to superpose the two functions, where A 1 and A 2 are constants which result in the two components to be equal to each other at p T = p 1 ≈ 2 ∼ 3 GeV/c. Eqs. (10) and (11) are two different superpositions. In Eq. (10), the soft component contributes from 0 up to 2 ∼ 3 GeV/c or a little more, and the hard component contributes in the whole p T range. The main contributor in the low-p T range is the soft component and the only contributor in the high-p T range is the hard component. In Eq. (11), the soft component contributes from 0 up to p 1 , and the hard component contributes from p 1 up to the maximum. There is no mixed range for the two components, though the curve is possibly not smooth at their boundary p 1 . We shall use only the first component in Eq. (11) due to not too wide p T range studied in the present work. In particular, f S (p T ) is exactly Eqs. (4) and (8) respectively, in which l = 1, 2, or 3 for different sets of data. Figure 1 presents the transverse momentum spectra, (1/2πp T )d 2 N/dp T dy, of (a)-(c) π + , K + , and p, as well as (b)-(d) π − , K − , andp produced in (a)-(b) 0-5% and (c)-(d) 60-92% Au-Au collisions at center-ofmass energy per nucleon pair √ s N N = 200 GeV. The squares, circles, and triangles represent respectively the experimental data of π + (π − ), K + (K − ), and p (p) measured by the PHENIX Collaboration in the pseudorapidity range |η| < 0.35 [20] . The solid and dotted curves are our results fitted by the first component in Eq. Tables 1 and 2 with the value of χ 2 and the number of degree of freedom (dof) in terms of χ 2 /dof. The ratios of data/fit corresponding to panels (a)-(d) are presented by panels (a * )-(d * ) respectively, where the closed squares, circles, and triangles are the results for π + (π − ), K + (K − ), and p (p) due to Eqs. (4) , and the open squares, circles, and triangles are the results for π + (π − ), K + (K − ), and p (p) due to Eqs. (8) . One can see that the two models fit well the trends of the experimental data in low-p T region in Au-Au collisions at the top RHIC energy. Figure 2 is the same as Fig. 1 , but it shows the the spectra in (a)-(b) 0-20% and (c)-(d) 60-88% d-Au collisions at √ s N N = 200 GeV. The symbols represent the experimental data measured by the PHENIX Collaboration in |η| < 0.35 [21] . The curves are our fitted results and the related parameters are listed in Tables 1 and 2 with χ 2 /dof. One can see that the two models fit well the trends of the experimental data in low-p T region in d-Au collisions at the top RHIC energy.
Results and discussion
The transverse momentum spectra of (a)-(b) π + + π − , K + + K − , and p +p produced in (a) 0-5% and (b) 70-80% Pb-Pb collisions at √ s N N = 2.76 TeV are displayed in Fig. 3 . For the clarity, the spectra for π + +π − and K + + K − are multiplied by 100 and 10 respectively, which are shown in the panels. The squares, circles, and triangles represent respectively the experimental data of π + + π − , K + + K − , and p +p measured by the ALICE Collaboration in the rapidity range |y| < 0.5 [22, 23] . The solid and dotted curves are our results fitted by the first component in Eq. (11) through Eqs. (4) and (8) respectively. The related parameters are listed in Tables  1 and 2 with χ 2 /dof. The ratios of data/fit corresponding to panels (a) and (b) are presented by panels (a * ) and (b * ) respectively, where the closed and open symbols are the results due to Eqs. (4) and (8) respectively. One can see that the two models fit well the trends of the experimental data in low-p T region in Pb-Pb collisions at the LHC energy. Figure 4 is the same as Fig. 3 , but it shows the spectra in (a)-(b) 0-5% and (c)-(d) 60-88% p-Pb collisions at √ s N N = 5.02 TeV. The symbols represent the experimental data measured by the ALICE Collaboration in 0 < y < 0.5 [24] . The curves are our fitted results and the related parameters are listed in Tables 1 and 2 with χ 2 /dof. One can see that the two models fit well the trends of the experimental data in low-p T region in d-Au collisions at the top RHIC energy.
As effective temperatures, T 1 and T 2 depend on m 0 , which are shown in Figs. 5(a) and 5(b) respectively. Different symbols shown in the panel represent the results from positive or negative particles produced in central or peripheral Au-Au or d-Au collisions, or from positive plus negative particles produced in central or peripheral Pb-Pb or p-Pb collisions. These symbols represent the results weighted different contribution fractions in two or three-component listed in Tables 1 and 2 . The dashed lines are the fitting results by linear functions for negative particles in Au-Au or d-Au collisions, and the solid lines are for other cases. The intercepts and slopes of these linear functions are listed in Table 3 with χ 2 , where dof = 1 is neglected. Similar to Figs. 5(a) and 5(b), the dependences of T 1 and T 2 on centrality C are displayed in Figs. 5(c) and 5(d) respectively. The different symbols represent different T 1 (T 2 ) for different cases shown in the panels, and T 1 (T 2 ) obtained from the spectra of positive and negative particles are not distinguished to avoid trivialness. One can see that the effective temperature obtained from the spectrum of particles with large mass is obviously larger than that with small mass. The effective temperature in central collisions is slightly larger than or equal to that in peripheral collisions. The effective temperature at LHC energy is comparable with that at RHIC energy. Meanwhile, the effective temperature in Au-Au (Pb-Pb) collisions is comparable with that in d-Au (p-Pb) collisions. We can regarded the intercepts in the linear relation between the effective temperature and particle mass in Table 3 . One can see that the kinetic freeze-out temperature in central collisions is slightly larger than or equal to that in peripheral collisions. The kinetic freeze-out temperatures in collisions at LHC and RHIC energies are comparable with each other. Meanwhile, the kinetic freeze-out temperatures in Au-Au (Pb-Pb) and d-Au (p-Pb) collisions are comparable with each other. These results confirm our previous works [36, 11] , though the absolute values are different due to different methods. These results are also in agreement with the effective temperature in general trends in different centralities, at different energies, and in different collision systems. show the dependences of p T 1 and p T 2 on C respectively. The symbols represent p T 1 and p T 2 obtained from the fitting functions (Eqs. (4) and (8)) and their parameter values (Tables 1 and 2 ) over a p T range from 0 to 5 GeV/c. The results obtained from the spectra of positive and negative particles are not distinguished to avoid trivialness. One can see that the mean p T for particles with large mass, in central collisions, at LHC energy, and in Au-Au (Pb-Pb) collisions are larger than or equal to those for particles with small mass, in peripheral collisions, at RHIC energy, and in d-Au (p-Pb) collisions, respectively. These results are in agreement with the trends of effective and kinetic freeze-out temperatures in different centralities, at different energies, and for different system sizes. These results are also in agreement with the trend of effective temperature for emissions of particles with different masses. Figure 8 is the same as Fig. 7 , but it shows the de-pendences of initial temperature (a)(c) T i1 and (b)(d) T i2 on (a)(b) m 0 and (c)(d) C, where T i1 (T i2 ) is obtained by the root-mean-square p T divided by √ 2, i.e. p 2 T 1 /2 ( p 2 T 2 /2) according to [37, 38, 39] . The symbols represent the results obtained from the fitting functions (Eqs. (4) and (8)) and their parameter values (Tables 1 and 2) over a p T range from 0 to 5 GeV/c. One can see that the trends of T i1 (T i2 ) on particle mass, event centrality, collision energy, and system size are similar to those of p T 1 ( p T 2 ), though T i1 (T i2 ) is smaller than p T 1 ( p T 2 ).
In the rectangular coordinate system which regards the collision point as the original O, one of the beam directions as the Oz axis, and the reaction plane as the xOz plane, the root-mean-square p T divided by √ 2, i.e. p 2 T /2 also equals to the root-mean-square momentum component ( p 2
x or p 2 y ) in the transverse plane xOy. In the rest frame of an isotropic emission source, p 2 T /2 also equals to p 2 z . Thus, Fig. 8 also reflects the trends of p 2 x and p 2 y in different conditions. In the rest frame of an isotropic emission source, Fig. 8 also reflects the trends of p 2 z in different conditions. From Figs. 5-8, one can see that the initial temperature is larger than the effective temperature, and the latter is larger than the kinetic freeze-out temperature. Generally, the chemical freeze-out temperature is between the initial and kinetic freeze-out temperatures, and is approximately equal to the effective temperature. This order is in agreement with the order of time evolution of the interacting system, though both the effective and kinetic freeze-out temperatures are extracted at the kinetic freeze-out. However, we cannot compare directly the four temperatures in most case due to different thermometric scales being used. Like the thermometric scales used in thermal and statistical physics, we need a method to unify different thermometric scales in subatomic physics. To structure the method is beyond the focus of the present work. We shall not discuss this issue in the present work. Or, we may use the quantities which are model independent to describe the temperatures.
The results presented in Figs. 5-8 also reflect that the violent degree of impact and squeeze in central collisions is comparable with that in peripheral collisions. Meanwhile, the violent degree of impact and squeeze in collisions at LHC energy is comparable with that at RHIC energy. These results are natural due to the fact that the amount of energy deposited in central collisions is comparable with that in peripheral collisions. Meanwhile, the amount of energy deposited in collisions at LHC energy is comparable with that at RHIC energy. The similar results in Au-Au (Pb-Pb) and d-Au (p-Pb) collisions confirms the effect of the heaviest nucleus [11] which states that the excitation degree depends on the heaviest nucleus, but not the lightest nucleus and total number of nucleons, in proton(deuteron)-nucleus and nucleus-nucleus collisions at a given √ s N N .
In the above discussions on Figs. 1-8 , we have not mentioned the (pseudo)critical temperature at equilibrium, though it is an important baseline in this context. In fact, to obtain experimentally the critical temperature from the fits to data, we have to study the energy Table 3 . Values of intercepts, slopes, and χ 2 in the linear fittings in Fig. 5 , where dof = 1 is not shown in the table to avoid trivialness.
Figure
Collisions Centrality Particle Intercept (GeV) Slope (c 2 ) χ 2 Fig. 5(a [40] . Based on an experimental point of view, it is known that there is few related studies on the initial and effective temperatures in literature. In principle, the critical temperature at chemical (kinetic) freeze-out can be obtained from experimental excitation function of chemical (kinetic) freeze-out temperature. However, there is no critical energy being determined in experiments at present. This renders that the critical temperature at chemical (kinetic) freeze-out is not determined in experiments.
Theoretically, the critical temperature at chemical freeze-out is model dependent in some cases, though it is usually less than 170 MeV [41] . For examples, the thermal and statistical model proposes the limiting or approximate critical temperature being about 160 MeV [2, 3, 4, 5, 41] . The calculation based on hydrodynamic evolution proposes the critical temper-ature being 155 MeV [42] . The theory based on lattice QCD shows the critical temperature being around 160 MeV [43, 44, 45, 46, 47, 48] , or as low as 140 MeV [49, 50] , which comes from first principles and should be model independent. The analysis based on finite size scaling and hydrodynamics shows the critical temperature is about 165 MeV [51, 52] . The result based on a realistic Polyakov-Nambu-Jona-Lasinio (rPNJL) model gives the critical temperature is 93 MeV [53] . Comparing with the indeterminacy of critical temperature at chemical freeze-out, the study of critical temperature at kinetic freeze-out is lacking in literature.
In consideration of lattice QCD deriving the critical temperature from first principles [40, 43, 44, 45, 46, 47, 48, 49, 50] which is model independent, other models should regard lattice QCD as a standard to revise their calculations to coordinate with the standard. In fact, some models such as the thermal and statistical model [2, 3, 4, 5, 41] , the calculation based on hy- drodynamic evolution [42] , and the analysis based on finite size scaling and hydrodynamics [51, 52] are approximately harmonious with lattice QCD with small differences. The rPNJL model [53] studies the critical endpoint which is a different observable which appears at finite baryon density, this is why the critical temperature (93 MeV) there is so low.
From the point of view in physics meaning, the temperatures discussed in Lattice QCD and other related models are transition temperature, which are different from initial, effective, and kinetic freeze-out temperatures discussed in the present work. The three temper- Based on the thermal and statistical model, the excitation function of chemical freeze-out temperature obtained from particle ratios at mid-rapidity in central nucleus-nucleus collisions show a quickly increase at a few GeV, a slowly increase at about 10 GeV, and then a saturation at RHIC and LHC energies [2, 3, 4, 5, 41] .
The limiting temperature at saturation is ∼164 MeV [2, 3, 4, 5] or a little less (∼158 MeV [41] ). Other models [42, 43, 44, 45, 53] are expected to show similar excitation functions of chemical freeze-out temperature with different limiting values, though most excitation functions are lacking in literature. With the limiting or approximate critical temperatures, the limiting baryon chemical potentials are 1 MeV or 0, and the critical baryon chemical potentials obtained from different models [2, 3, 4, 5, 41, 42, 43, 44, 45, 53] are in a wide range from 95 to 720 MeV which are also model dependent in some cases.
In the framework of the blast-wave model or similar model, considering different velocities of transverse flow, the excitation function of kinetic freeze-out temperature obtained from transverse momentum spectra at mid-rapidity in central nucleus-nucleus collisions also show a quickly increase at a few GeV, a slowly change at about 10 GeV, and then a saturation [22, 54] or a slight increase [36, 11] or a continuous decrease [55] or a decrease till the top RHIC energy and then invariability till the LHC energies [56, 57, 58, 59, 60] . The alternative method show a slight increase from the top RHIC energy to the LHC energies [36, 11] . In deeded, the trend of kinetic freeze-out temperature at high en-ergy is model dependent. As a parameter entangled to kinetic freeze-out temperature, the transverse flow velocity also show a model dependent trend with collision energy.
Before summary and conclusions, we would like to emphasize that the significance of the present work is not solely to describe the p T spectra themselves, but mainly to extract various temperatures via the description of the p T spectra. Although the hydrodynamic models are excellent, the thermal and statistical models are also useful. In particular, the statistical method is more closer to experiments themselves. We fit the p T spectra by taking a sum of two or three statistical distributions after integrating over the necessary rapidity window, in which the contribution of resonance decays at low p T is naturally described by the first distribution. Once in a while, an inverse power-law is also added to account for high p T part of the data.
The inverse power-law, i.e. the second item in Eqs. (10) and (11), has no contribution to temperatures. To show clearly the trend of the first item in Eqs. (10) and (11) , the contribution of the second item therein is not included, which results in the same result from Eqs. (10) and (11) and the fits to be poor at large p T in some cases in Figs. 1-4 . Although the curvatures in the data are a result of a complex and rich interplay of temperature, flow, and hard scattering process of hadronization as well as decay contributions and even viscosity, the present work discusses an alternative method to extract various temperatures from the contaminative data as accurately as possible.
The values of effective and kinetic freeze-out temperatures obtained in the present work have only the relative significance due to the fact that the measured functions which can be regarded as "thermometers" or "thermometric scales" used in the present work are different from others such as that of chemical freeze-out temperature which is based on the ratios of different types of particles in thermal and statistical model [2, 3, 4, 5, 41] . In fact, "thermometers" or "thermometric scales" used in subatomic physics should be unified in the framework of standard distribution which is equal to or closest to the Boltzmann distribution in thermal physics.
In particular, the initial temperature T i obtained in the present work is model independent, though it is calculated from the fitted curve. In fact, T i can be directly obtained from data themselves if the data points having no large statistical fluctuation. In addition, as a model independent quantity, the half of mean transverse momentum p T /2 is expected to represent the sum of contributions of thermal motion and transverse flow, where 1/2 is used due to both contributions of projectile and target participants. Let k denote the fraction in p T /2 to contribute to T 0 , we may define T 0 ≡ k p T /2 and β T ≡ (1 − k) p T /2m, where m denote the mean energy (mean moving mass) of the considered particles in the source rest frame in which particles are assumed to emit isotropically [36, 11] .
The new definition of T 0 (β T ) is model independent. Contrastively, other definitions or extractions of T 0 (β T ) are model dependent. In particular, in some cases, the values of T 0 (β T ) obtained by other methods at high energy are inconsistent due to different given conditions [22, 36, 11, 54, 55, 56, 57, 58, 59, 60] . To obtain consistent results with the alternative method [36, 11] , one can revise the given conditions such as the profile function of transverse flow in the blast-wave model [6, 7, 8, 9] . Go a step further, to avoid model dependence, we hope to study T 0 and β T and their exci-tation functions from model independent p T in future.
Summary and conclusions
We summarize here our main observations and conclusions.
(a) The transverse momentum spectra of π + , π − , K + , K − , p, andp produced in central and peripheral Au-Au and d-Au collisions at the top RHIC energy, as well as in central and peripheral Pb-Pb and p-Pb collisions at LHC energies, have been analyzed by the Hagedorn thermal model and the standard distribution in terms of multi-component. The modelling results are in agreement with the experimental data in low-p T region measured by the PHENIX Collaboration at the RHIC and by the ALICE Collaboration at the LHC. The initial, effective, and kinetic freeze-out temperatures are then extracted from the fitting to the transverse momentum spectra.
(b) The initial temperature is larger than the effective temperature, and the latter is larger than the kinetic freeze-out temperature. The chemical freeze-out temperature is between the initial and effective temperatures, and is approximately equal to the effective temperature. This order is in agreement with the order of time evolution of the interacting system, though both the effective and kinetic freeze-out temperatures are extracted at the kinetic freeze-out.
(c) The initial, effective, and kinetic freeze-out temperatures in central collisions are respectively comparable with those in peripheral collisions. The three types of temperatures at LHC energy are respectively comparable with those at RHIC energy. Although the three types of temperatures are different in values, they show similar trends in different centralities and at different energies.
(d) The violent degree of impact and squeeze in central collisions is comparable with that in peripheral collisions, and the violent degree of impact and squeeze in collisions at LHC energy is comparable with that at RHIC energy. These results are caused due to the amount of energy deposited in central collisions being comparable with that in peripheral collisions, and the amount of energy deposited in collisions at LHC energy being comparable with that at RHIC energy.
(e) To use a model independent quantity to represent the kinetic freeze-out temperature T 0 and the transverse flow velocity β T , we propose to define T 0 ≡ k p T and β T ≡ (1 − k) p T /m, where k may be an energy dependent parameter which is needed to study further. Considering T i ≡ p 2 T /2 which is also model independent, one has three model independent quantities, T i , T 0 , and β T . As for the effective temperature, we would like to give it up due to its model dependence and "non-real" one.
